INTRODUCTION {#s1}
============

Higher plants have developed finely tuned mechanisms to regulate gas exchange through pores known as stomata in the leaves and stems. Pairs of specialized cells known as guard cells form stomatal pores. Embedded in the epidermis of photosynthetic organs, stomatal pores control the influx of atmospheric carbon dioxide (CO~2~) required for photosynthesis, release of oxygen, and the outflow of water vapor through transpiration ([@CIT0026]; [@CIT0029]). Stomatal function regulates gas exchange, drives water and nutrients from the roots to the leaves and growing shoots, and prevents excessive water loss. Stomatal activity is thought to have played a central role in transforming the Earth System, and it may influence future climate and weather, as revealed by global modeling of interactions between land and atmosphere ([@CIT0003]).

The specialized guard cells have developed intrinsic mechanisms to swell or shrink, promoting open or closed stomatal pores in response to environmental cues such as changes in light conditions, atmospheric CO~2~, temperature, humidity, soil water availability, and endogenous plant hormonal stimuli. Previous studies have shown that stomatal movements require coordinated molecular and physiological events in guard cells, including changes in ion exchange ([@CIT0026]), turgor, altered gene expression ([@CIT0013]), protein modification, and rearrangement of actin filaments and microtubules ([@CIT0016]; [@CIT0008], [@CIT0009]). Slight effects of actin antagonists on stomatal movement ([@CIT0021]; [@CIT0022]; [@CIT0041]) and reorganization of actin filaments in response to light and ABA ([@CIT0010]) have been shown.

Light is an essential regulator of stomatal opening. Stomata are closed in the dark. It has been shown that phototropins (PHOT1 and PHOT2) proteins mediate blue light-induced stomatal opening ([@CIT0027]; [@CIT0042]). Light signaling activates H^+^-ATPases leading to hyperpolarization of the plasma membrane, which drives uptake of K^+^ through voltage-dependent inward-rectifying K^+^ channels. Increase in guard cell osmotic potential leads to accumulation of water, cell swelling, and stomatal pore opening ([@CIT0026]).

Stomatal closure is achieved by reduction in guard cell turgor. Under conditions of water stress, abscisic acid (ABA) induces an increase in cytosolic calcium (\[Ca^2+^\]~cyt~) together with Ca^2+^-independent mechanisms, resulting in the activation of anion channels ([@CIT0054]; [@CIT0047]; [@CIT0002]), including the slow (S-type) channel SLAC1 (SLOW ANION CHANNEL 1) ([@CIT0065]; [@CIT0028]), which causes depolarization of the plasma membrane ([@CIT0060]), suppression of K^+^ ~in~ channels and increased K^+^ ~out~ channel activity ([@CIT0060]; [@CIT0004]; [@CIT0045]; [@CIT0020]), leading to a net K^+^ efflux from guard cells, loss of turgor, and stomatal closure ([@CIT0057]). Stomatal movements are mediated through a tight control of a network of ion channels in the plasma membrane of guard cells, and anion channels ([@CIT0025]; [@CIT0057]; [@CIT0054]) and the SLAC1 protein play critical roles in stomatal closure (as well as in stomatal opening) by directly or indirectly altering ion movement ([@CIT0049]; [@CIT0065]). The *slac1* mutants are impaired in stomatal closure in response to several factors, including CO~2~, calcium, ABA, and light-to-dark transitions ([@CIT0049]; [@CIT0065]). Recently, [@CIT0030] reported that *slac1* mutant alleles had reduced activities of K^+^ ~in~ channels, which could be reversed by lowering \[Ca^2+^\]~cyt~, indicating that K^+^ ~in~ channel sensitivity to \[Ca^2+^\]~cyt~ was elevated in *slac1* mutants, consistently with their reduced stomatal opening response to low CO~2~ and light.

While great progress has been made in understanding the molecular mechanisms underlying guard cell ion channel functions and regulation, much remains to be learned about the cellular processes that lie between signal perception and the activities of channels and pumps, and how they orchestrate stomatal movements. A number of studies, including data we present here, have indicated important roles for transcription, protein turnover, and the cytoskeleton.

[@CIT0042] showed that CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1), a RING-finger-type E3 ubiquitin ligase, functions downstream of cryptochrome and phototropin photoreceptors to repress stomatal opening. COP1 is a known suppressor of photomorphogenesis and photoperiodic flowering, acting through ubiquitylation and targeted degradation of several light-signaling factors including HY5 (LONG HYPOCOTYL 5) ([@CIT0052]; [@CIT0056]), HYH (HY5-HOMOLOG) ([@CIT0018]), LAF1 (LONG AFTER FAR-RED LIGHT1) ([@CIT0062]), HFR1 (LONG HYPOCOTYL IN FAR-RED1) ([@CIT0024]), and CO (CONSTANS) ([@CIT0038]). However, it is not known how COP1 functions to suppress stomatal opening in the dark.

Cortical microtubule arrays are dynamic structures that are essential for regulating cellular morphogenesis, acting in part to position the secretion of cellulose synthase ([@CIT0014]) and to guide the trajectories of these transmembrane protein complexes as they deposit cellulose into the cell wall. As mature guard cell function is intimately related to their shape and to the expansion and shrinking of their cell walls, cytoskeletal direction of cell wall assembly and shape should be important for building guard cells with appropriate functional properties. Changes in cytoskeletal organization have also been observed and correlated with stomatal movements ([@CIT0008], [@CIT0009]). Consistently, evidence was observed for increased assembly of cortical arrays as stomata opened, and destabilization as they closed. Importantly, when the stability of cortical arrays was manipulated by pharmacological agents, artificial disassembly prevented stomatal opening, and artificial stabilization prevented closure, indicating that the organization and function of these arrays play an essential and previously unknown role in guard cell function ([@CIT0008], [@CIT0009]). Cytoskeletal organization is also known to be sensitive to some of the same signals that affect guard cell function, such as blue light, which has recently been shown to drive reorientation of cortical arrays in etiolated *Arabidopsis* hypocotyls by a mechanism dependent on phototropin-stimulated microtubule severing by the protein katanin ([@CIT0036]). The mechanisms by which cytoskeletal organization is regulated by signals that control stomatal movements and the role or roles that the cytoskeleton plays in guard cell function remain to be determined.

In this study, we combined genetic analysis, quantitative live cell imaging and electrophysiological studies to show that COP1 function is required for microtubule protein degradation and normal anion channel activation during stomtatal closure. These results provide links between biochemical mechanisms regulating electrophysiological and cytoskeletal changes in guard cells.

RESULTS {#s2}
=======

Inhibition of Proteolysis Impairs ABA-Induced Stomatal Closure {#s3}
--------------------------------------------------------------

Guard cells undergo physiological and structural transformations during stomatal closure over a period of 30--40min. These changes may require synthesis of factors regulating stomatal closure and destabilization of components required for stomatal opening, such as microtubule arrays. The decline in microtubule bundles observed during stomatal closure might be caused by a decrease in assembly, an increase in disassembly, or both. Observations of plus end number and growth rates indicated that assembly was not measurably affected, so we hypothesized that disassembly, likely from free minus ends, was primarily responsible for changes in array structure ([@CIT0008], [@CIT0009]). The observation that total GFP--TUA6 fluorescence fell at a faster rate during stomatal closure than could be accounted for by photobleaching suggested that tubulin itself might be degraded during closure---a process that could contribute to the loss of bundles.

To test whether protein degradation may be required for stomatal closure and for the observed changes in cytoskeletal structure, we pre-treated epidermal peels with either the 26S proteasome inhibitor MG-132 or a control solution, followed by ABA treatment to induce stomatal closure. Pre-treatment with MG-132 was sufficient to block ABA-induced stomatal closure ([Figure 1A](#F1){ref-type="fig"}), suggesting that 26S proteasome activity plays a role in this process. In addition to blocking stomatal closure, pre-treatment with MG-132 significantly reduced the ABA-induced decline of total GFP-tubulin fluorescence ([Figure 1B](#F1){ref-type="fig"}) and prevented loss of radial microtubule bundles ([Figure 1C](#F1){ref-type="fig"}). These results indicate that proteolysis by the 26S proteasome is also required for the destabilization of the cortical array and loss of tagged tubulin during closure. As a further test, we pre-treated cells with epoxomycin, a potent irreversible proteasome inhibitor. As with MG-132, pre-treatment with epoxomycin blocked stomatal closure in response to ABA ([Figure 2](#F2){ref-type="fig"}). Together with the previous manipulations of microtubule assembly using stabilizing and destabilizing drugs ([@CIT0008]), these results indicate that microtubule array destabilization and loss of tubulin protein via the 26S proteasome pathway play a critical role in stomatal function during closing.

![Inhibition of Proteolysis Impairs ABA-Induced Stomatal Closure and Decreases in GFP-Tubulin Fluorescence.\
**(A)** Stomatal apertures (*n* \> 50) are plotted from leaf peels either pre-treated with DMSO or (DMSO + 50 μM MG-132) for 1 h, followed by 10 μM ABA treatment as indicated.\
**(B)** Relative changes in total GFP-tubulin fluorescence in guard cells is plotted over time during the ABA treatment. Inhibition of proteolysis attenuated the loss of total fluorescence in response to ABA treatment.\
**(C)** Confocal images of GFP:tubulin-labeled guard cells either pre-treated with DMSO, or DMSO + MG-132. Data shown are from one of three independent repeats, each with similar results. Images were taken as described in the 'Methods' section. Error bars show ±SE. Scale bar = 5 μm.](mpphys_ssu065_f0001){#F1}

To determine whether *de novo* transcription and translation were also required for stomatal closure in response to ABA, we pre-treated guard cells in leaf peels with Actinimycin D or Cycloheximide. Both treatments inhibited stomatal response to ABA treatment ([Figure 2](#F2){ref-type="fig"}), indicating a role for *de novo* transcription and translation during stomatal closure. ABA is known to mediate transcriptional and posttranscriptional responses and our results suggest that ABA may trigger transcription and translation of downstream components involved in stomatal closure. These findings are consistent with previously reported ABA-mediated transcriptional regulation of signaling components in guard cells ([@CIT0033]; [@CIT0066]), and are supported by the similarities between responses to ABA and quinabactin, a sulfonamide ABA agonist, in causing stomatal closure and regulating gene expression in guard cells ([@CIT0050]).

![ABA-Induced Stomatal Closure Requires *De Novo* Transcription and Translation, and Proteolysis.\
Leaf peels from *GFP--TUA6* control lines were pre-treated (1 h) either with DMSO alone (control), or with various inhibitors including Actinomycin D (transcriptional), Cycloheximide (translational), MG-132, or epoxomycin (proteolysis inhibitors; reversible or irreversible, respectively). Following pre-treatment with inhibitor, leaf peels were exposed to 10 mM ABA for 40min. Stomatal apertures are plotted before (0) and after ABA (40) treatment. Data shown are from one of two independent experiments each with (*n* \> 50). Error bars show ±SE.](mpphys_ssu065_f0002){#F2}

Loss of COP1 Activity Impairs ABA-Induced Stomatal Closure {#s4}
----------------------------------------------------------

To investigate how the cytoskeleton is destabilized by signals stimulating stomatal closure, we considered a possible role for COP1. COP1 is an E3 ubiquitin protein ligase required for targeted degradation of photomorphogenesis-promoting factors ([@CIT0068]; [@CIT0015]), and is also required for stomatal closure in darkness ([@CIT0042]). To determine whether COP1 may have a role in guard cell microtubule destabilization, we crossed the GFP--TUA6 line with the *cop1-4* mutant and isolated homozygous GFP--TUA6,*cop1-4* lines (see the 'Methods' section). While COP1 activity was known to be required for closure in the dark, it was not known whether COP1 activity is required in general for stomatal closure, or whether this requirement is specific for light-related signaling.

Stomata in GFP--TUA6,*cop1-4* did not close in response to a 40-min treatment with 10 μM ABA ([Figure 3A](#F3){ref-type="fig"}), indicating that COP1 function is also required for ABA-induced stomatal closure. Likewise, total fluorescence in GFP--TUA6,*cop1-4* guard cells failed to fall as rapidly following ABA treatment as it did in WT cells expressing GFP--TUA6. In fact, changes in the fluorescence of GFP--TUA6,*cop1-4* guard cells were not distinguishable from those in either pavement cells of the same plants, or in plants not treated with ABA, suggesting that the relatively slow loss of signal in these cells was likely caused by photobleaching ([Figure 3B](#F3){ref-type="fig"}). Further, microtubule structure and distribution remained relatively unaltered in GFP--TUA6,*cop1-4* guard cells, pavement cells, and cells not treated with ABA ([Figure 4](#F4){ref-type="fig"}). Thus, both ABA treatment and COP1 function were required to cause loss of labeled tubulin and radial array structure. These data indicate that COP1 activity is required for microtubule destabilization during ABA-induced stomatal closure.

![Loss of COP1 Activity Impairs ABA-Induced Stomatal Closure and Decreases in GFP-Tubulin Fluorescence.\
**(A)** Stomatal apertures (*n* \> 50) are plotted from leaf peels from GFP--TUA6 and GFP--TUA6, *cop1* mutant plants treated with 10 mM ABA as indicated.\
**(B)** Relative changes in total GFP-tubulin fluorescence in guard cells (GC) and pavement cells (PC) is plotted over time during the ABA treatment. Data shown are from three independent experiments. Error bars show ±SE.](mpphys_ssu065_f0003){#F3}

![COP1 Activity Is Required for ABA-Induced Loss of Labeled Tubulin and Radial Array Structure.\
Confocal images of GFP:tubulin-labeled guard cells in WT and *cop1* mutant backgrounds. Data shown are from one of the three independent experiments with similar results. Images were taken as described in the 'Methods' section. Scale bar = 5 μm.](mpphys_ssu065_f0004){#F4}

Disruption of Microtubules in *cop1-4* Mutant Guard Cells Leads to Stomatal Closure {#s5}
-----------------------------------------------------------------------------------

We tested whether disruption of microtubules by oryzalin in the *cop1-4* mutant background was sufficient to restore stomatal closure. Leaf epidermal peels from GFP--TUA6 and GFP--TUA6,*cop1-4* plants were treated either with DMSO (control) or with DMSO + oryzalin in buffer containing 0.1 M KCl. It was previously reported that 0.1 M KCl promoted stomatal opening ([@CIT0009]). Therefore, the buffer conditions were favorable for open stomata. Stomatal apertures were measured on peels at the start of the experiment before oryzalin treatment, after 1 h of darkness, and a third time following 1 h of white light (100 μmol m^--2^ s^--1^). Stomata in GFP--TUA6 leaf peels not treated with oryzalin closed slightly in the dark and opened more widely than the starting width in response to the white light treatment, whereas stomata in GFP--TUA6 peels treated with oryzalin were closed regardless of the light treatment ([Figure 5](#F5){ref-type="fig"}). Consistently with previous reports, stomata in GFP--TUA6,*cop1-4* leaf peels were open in the dark, and were more open than those in WT tissue at both the start and after exposure to white light ([Figure 5](#F5){ref-type="fig"}). Disruption of microtubules with oryzalin caused stomatal closure in the *cop1-4* background similar to the response in control stomata ([Figure 5](#F5){ref-type="fig"}). These results indicate that COP1 activity and destabilization of microtubules play critical roles in stomatal closure. It is not yet known whether COP1 acts directly on tubulin or more indirectly by controlling one or more assembly factors, but COP1-dependent destabilization of microtubules is likely to be involved in both dark and ABA-induced stomatal closure.

![Disruption of Microtubules with Oryzalin Treatment Restores Stomatal Closure in *cop1-4* Mutants.\
Stomatal apertures were measured on leaf peels prior to treatment with oryzalin (Start), and after incubating either in DMSO or DMSO + 0.1 mM oryzalin in dark (D1h) and then white light (WL1h). Data shown are from one of three independent experiments each with (*n* \> 40). Error bars show ±SE.](mpphys_ssu065_f0005){#F5}

COP1 Modulates Stomatal Shape and Influences the Range of Stomatal Movement {#s6}
---------------------------------------------------------------------------

Guard cell shape is dynamic and changes between closed and open stomata. [Supplemental Figure 1A](http://mplant.oxfordjournals.org/lookup/suppl/doi:10.1093/mp/ssu065/-/DC1) shows representative images of GFP--TUA6 and GFP--TUA6,*cop1-4* stomata in closed and open positions. Aspect ration (length/width) was calculated using length and width measurements of open and closed stomata ([Supplemental Figure 1B](http://mplant.oxfordjournals.org/lookup/suppl/doi:10.1093/mp/ssu065/-/DC1)), as described. Normally, *Arabidopsis* stomata are more elongated when closed with a higher length/width (L/W) aspect ratio than when they are open ([Supplemental Figures 1](http://mplant.oxfordjournals.org/lookup/suppl/doi:10.1093/mp/ssu065/-/DC1) and [2](http://mplant.oxfordjournals.org/lookup/suppl/doi:10.1093/mp/ssu065/-/DC1)). Open stomata have a more rounded shape, with the aspect ratio near 1.0 ([Supplemental Figure 2B](http://mplant.oxfordjournals.org/lookup/suppl/doi:10.1093/mp/ssu065/-/DC1)). Since the GFP--TUA6,*cop1-4* stomata lacked responsiveness to ABA treatment ([Figure 3A](#F3){ref-type="fig"}), we used oryzalin to induce stomatal closure in GFP--TUA6,*cop1-4* and in control stomata. The changes in the aspect ratios between closed and open positions of GFP--TUA6 stomata (18.18%, *p* \< 0.001) and GFP--TUA6,*cop1-4* stomata (8.62%, *p* \< 0.001) showed a marked difference in the dynamic range of stomatal movement in the two genotypes ([Supplemental Figure 2B](http://mplant.oxfordjournals.org/lookup/suppl/doi:10.1093/mp/ssu065/-/DC1)). These data indicate that stomata in the *cop1* background were significantly different in shape during closure. Direct comparison of stomatal apertures and aspect ratios of stomata revealed that GFP--TUA6 stomata were more elongated when they were closed ([Figure 6](#F6){ref-type="fig"}). GFP--TUA6,*cop1-4* stomata had relatively larger stomatal apertures and they maintained a more rounded shape (aspect ratio closer to 1) even when they were closed ([Figure 6](#F6){ref-type="fig"}). These data suggest that COP1 modulates stomatal shape and a loss of its function results in reduction of the dynamic range of stomatal movements, locking the stomata into more open shapes.

![*cop1-4* Stomata Have Relatively Larger Stomatal Apertures and Maintain the Shape of Open Stomata.\
Aspect ratios (L/W) of individual stomata from [Figure 5](#F5){ref-type="fig"} are plotted with their stomatal apertures (microns) in either closed (squares, D1h in DMSO + oryzalin), or in open (circles, WL1h in DMSO) positions. The *GFP--TUA6*,*cop1-4* stomata display relatively larger stomatal apertures (open positions), and smaller aspect ratios (closed positions) in comparison to GFP--TUA6 stomata (*n* = 20).](mpphys_ssu065_f0006){#F6}

The *cop1* Mutation Impairs Ca^2+^ Activation of S-Type Anion Channel Currents, but Exhibits No Significant Change in Activation of Inward K^+^ Channel Currents in *cop1* Guard Cell Protoplasts {#s7}
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

COP1 function is required for microtubule destabilization, which is required for stomatal closure ([Figure 3B](#F3){ref-type="fig"}; [@CIT0008]), and lack of COP1 activity leads to cytoskeletal and structural changes in favor of open stomata (see above). Is cytoskeletal organization the only important cellular process modulated by COP1 activity or are central players such as ion channels also dependent on COP1? To explore COP1 function in stomatal control further, we tested *cop1-4* guard cells for defects in the activities of inward-rectifying K+ channels, which provide a pathway for K^+^ uptake during stomatal opening, and for Ca^2+^-activated S-type anion channels, which are activated to drive stomatal closure. Patch-clamp experiments showed that inward-rectifying channel activity was not significantly different between the *cop1-4* mutant and wild-type ([Figure 7](#F7){ref-type="fig"}). However, Ca^2+^-activated S-type anion channel activity was dramatically down-regulated in *cop1-4* mutant guard cell ([Figure 8](#F8){ref-type="fig"}). Thus, COP1 function is required for normal activation of Ca^2+^-activated S-type anion channels. These data are consistent with a critical role of COP1 in regulating stomatal closure.

![*cop1-4* Mutants Do Not Significantly Affect Inward-Rectifying K^+^ Channel Activities in *Arabidopsis* Guard Cells.\
Whole-cell recordings of inward K^+^ currents with the free cytosolic \[Ca^2+^\] buffered to 100 nM in the presence of 30 mM KCl in **(A)** wild-type and **(B)** *cop1-4* guard cells.\
**(C)** Average steady-state current-voltage relationships for wild-type and *cop1-4* guard cells. Current magnitudes were not statistically significantly different between *cop1-4* and wild-type (*P* = 0.346 at --180 mV). Student's *t*-test was used. Error bars show ±SE.](mpphys_ssu065_f0007){#F7}

![*cop1-4* Guard Cells Exhibit Reduced Ca^2+^-Activated S-Type Anion Channel Currents.\
Whole-cell recordings of Ca^2+^-activated S-type anion channel currents with 2 μM free Ca^2+^ in pipette solution in **(A)** wild-type, **(B)** *cop1-4*, and **(C)** *slac1-1* guard cells.\
**(D)** Average current-voltage curves of wild-type, *cop1-4*, and *slac1-1*. Current magnitudes were statistically significantly different between *cop1-4* and wild-type (*P* \< 0.001 at --145 mV). Student's *t*-test was used. Error bars show ±SE.](mpphys_ssu065_f0008){#F8}

DISCUSSION {#s8}
==========

Stomata have been studied for at least 300 years (reviewed in [@CIT0044]). Multiple fields of study, including biochemistry, electrophysiology, and cell biology, have significantly advanced our knowledge of how stomata function, but the links between the mechanisms studied by these fields remain fragmented. Coordinated efforts between specialists in the different fields of study are needed in order to understand how stomatal pores respond to internal and external signals to control gas exchange and water loss through transpiration.

The roles of ion channels and related cellular signaling pathways in stomatal function have been well studied ([@CIT0016]; [@CIT0026]), with signaling to the S-type anion channel SLAC1 being required for ABA-induced stomatal closure ([@CIT0054]; [@CIT0049]; [@CIT0065]). Our data indicate that stomatal closure also requires COP1 function and microtubule destabilization, and that both microtubule destabilization and S-type anion channel activity require COP1 function. Thus, COP1 may act upstream of S-type anion channels and microtubule destabilization to modulate stomatal closure. COP1 is well studied for its role in photomorphogenesis, where it acts during the night to destabilize factors involved in light signal transduction. At the onset of dawn, photoreceptors trigger COP1 exclusion from the nucleus, resulting in the stabilization of COP1 targets ([@CIT0051]). Previously, it was reported that COP1 is required for stomatal closure in the dark ([@CIT0042]). In our experiments, stomata of *cop1* mutants fail to close in response to ABA treatment as well ([Figure 3A](#F3){ref-type="fig"}), indicating a role for COP1 in dark and ABA regulation of stomatal function. These results are consistent with a recent finding that COP1-targeted transcription factors HY5 and BBX21 are implicated in convergence of light and ABA signaling on the *ABI5* (*ABA INSENSITIVE 5*) promoter ([@CIT0069]).

COP1-Pathway Signaling Proteins May Be Involved in Stomatal Function {#s9}
--------------------------------------------------------------------

Our understanding of how COP1 regulates photomorphogenesis has advanced significantly in the past 20 years, but how COP1 mediates stomatal closure in the dark or in response to ABA remains to be defined. COP1 targets several proteins that promote light-induced processes for degradation through the 26S proteasome pathway ([@CIT0070]; [@CIT0034]). While some of the COP1 targets are predominantly involved in signaling as modulated by red and far-red light, others like HY5 integrate signals from multiple photoreceptors, including phytochromes and crytochromes ([@CIT0034]). The SPA (SUPPRESSOR OF PHYTOCHROME A) proteins, which physically interact with COP1, are known mediators of COP1 activity and the *spa1 spa2 spa3 spa4* quadruple mutant displays *cop* phenotypes (see [@CIT0017]). SPA1 interacts with COP1 to promote the degradation of specific targets, including HY5. Blue light-activated CRY1 interacts with SPA1 to release COP1 from the SPA1--COP1 complex and suppress COP1 activity ([@CIT0037]). SPA1/SPA2 and SPA3/SPA4 form two subclasses within the SPA gene family ([@CIT0031]). One or more of these known COP1 effectors and/or targets may be involved in stomatal closure in the dark, or there may be as-yet unknown effectors of COP1 specific to guard cell function. Light signaling and ABA signaling act in opposition to each other in regulating stomatal function. Thus, a further question is whether COP1 mediates ABA signaling to closure or if loss of COP1 and subsequent derepression of light-signaling pathways override ABA signaling.

COP1 may be involved in regulating the stability of transcriptional regulators in guard cells. The transcription factors MYB60 and MYB61 have been found to promote ([@CIT0006]) and inhibit stomatal opening ([@CIT0035]), respectively. They or other transcriptional regulators could be possible targets for direct COP1 action.

COP1 Modulates S-Type Anion Channels {#s10}
------------------------------------

The *cop1* mutation had no significant effect on inward-rectifying K^+^ channel activity ([Figure 7](#F7){ref-type="fig"}). Previously, it has been shown that transiently expressed KAT1:GFP forms a radially striped pattern in the plasma membrane of *Vicia faba* guard cells, and this pattern was found to be independent of the stomatal aperture and the cytoskeleton ([@CIT0019]). Trafficking of inward-rectifying K^+^ channels in the plasma membrane through sequestration and recycling from endosomal membrane pool, and involvement of ABA and high turgor in regulating the K^+^ channel traffic has been well studied ([@CIT0023]; [@CIT0043]; [@CIT0063], [@CIT0064]; [@CIT0007]). Stomatal closure is accompanied by internalization of K^+^ channels, and it remains to be seen whether COP1 is involved in stomatal re-opening possibly by influencing K^+^ channel recycling and/or activity.

In the absence of COP1 function, there was a significant reduction in S-type anion channel activity, which is largely encoded by the *SLAC1* gene ([Figure 8](#F8){ref-type="fig"}). This might be accomplished either if COP1 promotes a positive regulator of S-type anion channel activity or removes a repressor of S-type anion channel activity. Candidates for such downstream targets are the OST1 or Ca^2+^-dependent protein kinases, which phosphorylate SLAC1 and are required for its activity, and the PP2C type protein phosphatases, including ABI1, which act to prevent SLAC1 activation ([@CIT0012]; [@CIT0032]; [@CIT0005]). It is not yet known whether the abundance of SLAC1 is altered in *cop1* mutants. Links between COP1 and the activity of SLAC1 or other S-type anion channels remain to be drawn in the future.

COP1-Mediates Cytoskeletal Organization in Guard Cells {#s11}
------------------------------------------------------

Based upon our data, light acts to stabilize cortical microtubule arrays in guard cells and COP1 functions antagonistically. The mechanisms involved remain to be discovered. TUA6--GFP fluorescence is expected to be the same quantitatively, as tubulin polymer is degraded to tubulin monomer. Since GFP-tubulin signal is reduced in guard cells in darkness or after ABA treatment, relatively direct targeting of tubulin degradation itself is one possibility. A second possibility is down-regulation of factors that stabilize cortical microtubules. Possible downstream targets include the SPIRAL1 (SPR1) ([@CIT0066]) and WAVE-DAMPENED 2-LIKE3 (WDL3) ([@CIT0039]) proteins---two microtubule-stabilizing proteins that appear to be degraded by the 26S proteasome pathway. SPR1 is a tip tracking protein unique to higher plants ([@CIT0048]; [@CIT0061]), which is degraded upon salt stress ([@CIT0067]). WDL3 belongs to the WVD2/WDL family of microtubule regulatory proteins ([@CIT0071]; [@CIT0055]). WDL3 is degraded in the dark and its abundance in light was necessary for microtubule reorientation and inhibition of hypocotyl elongation ([@CIT0039]).

Up-regulation of a destabilizing function is another possibility. An atypical mitogen-activated protein kinase-phosphatase, PHS1 (PROPYZAMIDEHYPERSENSITIVE1), phosphorylates Thr349 of α-tubulin at the inter-dimer interface to disrupt the polymerization capability of tubulin in *Arabidopsis* ([@CIT0011]). The kinase activity of PHS1 is suppressed by the intrinsic phosphatase activity, but the suppression of the kinase is removed by osmotic stress leading to near complete microtubule depolymerization ([@CIT0011]). The minimal peptide responsible for this activity has been identified, and acts as a potent and unregulated depolymerizing agent when overexpressed. COP1 may control factors involved in promoting PHS1 amount or tuning down the auto-inhibitory PHS1 phosphatase activity.

Microtubule Organization Plays a Role in Guard Cells {#s12}
----------------------------------------------------

The role of microtubule organization in both guard cell opening and closing remains an outstanding question. The observation that disassembly of cortical microtubules by the drug oryzalin causes stomatal closure in several conditions that otherwise stimulate opening or prevent closure, including *cop1* mutants, suggested that microtubule disassembly is generally critical for closure and may therefore be an important target of pathways signaling for closure. The cortical microtubule cytoskeletal has been shown in recent years to have at least three functions in the context of cell growth and morphogenesis: the positioning of cellulose synthase insertion into the plasma membrane ([@CIT0014]), the guidance of cellulose synthase as it deposits cellulose into the cell wall ([@CIT0053]), and the sequestering of trafficking compartments containing CESA during conditions of stress ([@CIT0014]). In the context of guard cell function, cortical microtubules could support the activities of essential proteins in the plasma membrane by regulating their trafficking, positioning, their ability to associate with signaling factors, or perhaps even as a direct regulator of their activity.

COP1 modulates both microtubule organization and S-type anion channel activity, which may require common or distinct downstream COP1-dependent pathways. It is clear that microtubule destabilization is required for stomatal closure. It is not yet known whether there are dependencies between S-type anion channels and microtubule array function. S-type anion channels and microtubules may function independently, or they may act together to regulate guard cell function.

Guard Cell Shape {#s13}
----------------

Stomatal apertures vary widely according to prevailing conditions, reflecting some sort of optimal balance between opening and closing functions. In the *cop1* mutant, the absence of any contribution by the closing mechanism might well account for the extreme opening of the stomata and their circular appearance. Further studies are required to understand how COP1 mediates guard cell shape.

Intersection of Biochemical, Electrophysiological, and Cytoskeletal Pathways {#s14}
----------------------------------------------------------------------------

COP1 appears to play a central role in regulating stomatal closure. Its influence on S-type anion channel activity, on microtubule organization, and guard cell shape reveals previously unknown functions for COP1. COP1 has been studied extensively as a critical destabilizer of photomorphogenesis-promoting factors. Data presented here suggest that COP1 acts in guard cells, playing an essential role through the plant life. Future studies are needed to resolve exactly how COP1 integrates signaling responses in guard cells by fine-tuning signaling mechanisms in favor of stomatal closure.

METHODS {#s15}
=======

Plant Material and Growth Conditions {#s16}
------------------------------------

*Arabidopsis thaliana* plants were grown in greenhouses under a minimum of 16-h photoperiod in natural light supplemented with artificial lights (75 μmol m^--2^ s^--1^). Temperature was maintained approximately to 22°C during the day and 20°C at night with heaters and evaporational cooling systems. Age-matched leaves (4--6 weeks old) were used for all of the experiments as previously described ([@CIT0008], [@CIT0009]).

Plant Lines Used {#s17}
----------------

Col-0 *Arabidopsis* plants expressing *35S::GFP--TUA6* supplied by Takashi Hashimoto (Nara Institute of Science and Technology, Nara, Japan) were used to visualize tubulin. *35S::GFP--TUA6*×*cop1-4* crosses were performed, the F2 allowed to self, and F3 progeny scored for potential *35S::GFP--TUA6*,*cop1-4* homozygous individuals by phenotypic analysis for *cop1* morphogenetic phenotype and by expression of GFP--TUA6.

Microscopy {#s18}
----------

Images were acquired with a Leica DM6000 inverted fluorescence microscope equipped with a Leica 63× n.a.=1.3 glycerin immersion objective lens and a Yokogawa CSU-10 spinning-disk confocal head ([@CIT0014]). The 488-nm line from an argon ion laser at 4 mW at the end of the fiber was used to excite GFP, and a band-pass filter (525/50, Semrock, Inc., IDEX Corporation, Illinois) was used as the emission filter. Images were captured with an Andor iXon3 EMCCD camera with an exposure time of 400 ms, intensification setting of 300. Z-stacks were acquired with a 0.3-μm step size. Slidebook software (Intelligent Imaging Innovations, Denver, CO) was used for image acquisition.

Quantification of Fluorescence {#s19}
------------------------------

GFP-Tubulin fluorescence was quantified from confocal image Z-stacks using ImageJ 1.48a (Wayne Rasband, NIH). Total fluorescence was quantified in sub-stacks (brightest point projections from consecutive planes) containing cortical microtubules in guard cells and pavement cells. An oval template was drawn around the pair of guard cells and the same template was used to quantify fluorescence in the neighboring pavement cells for consistency in area and volume measured for each cell type per sub-stack.

Measurement of Stomatal Apertures {#s20}
---------------------------------

For each experiment, age-matched *Arabidopsis* leaves were excised from two or more individual plants with the same sowing dates grown in the greenhouse (as described above). All epidermal peel preparations and their treatments were performed in the morning. After each treatment as described, the epidermal peels were fixed immediately in ethanol, following the method described by [@CIT0040]. Epidermal peels were mounted onto slides in the fixative to image stomata with a light microscope using brightfield. Stomatal apertures and guard cell dimensions were measured using ImageJ 1.48a (Wayne Rasband, NIH), calibrated with a 0.01-mm standard image.

Patch Clamp in Guard Cell Protoplasts {#s21}
-------------------------------------

Plant growth and isolation of *Arabidopsis* guard cell protoplasts for patch clamping were performed as described in [@CIT0030]. Seeds of *Arabidopsis* mutants *cop1-4* and *slac1-1* and the wild-type accession, Columbia, were grown in soil under long-day conditions (16-h light/8-h dark, 20°C--22°C). Two rosette leaves from 4--6-week-old plants were used to prepare *Arabidopsis* guard cell protoplasts. Guard cell protoplasts were isolated by enzymatic digestion for 15.5 h at 25°C on a circular shaker at 40 rpm. The enzymatic solution contained 1% Cellulase R-10 (Yakult, lot \#091120--02), 0.5% Macerozyme R-10 (Yakult, lot \#091112--01), 0.1 mM KCl, 0.1 mM CaCl~2~, 0.5% BSA, 0.1% kanamycin sulfate, and 10 mM ascorbic acid, 500 mM D-mannitol, (pH 5.6 with KOH). Guard cell protoplasts were washed twice with washing solution including 0.1 mM KCl, 0.1 mM CaCl~2~, and 500 mM D-sorbitol (pH 5.6 with KOH) by centrifugation for 10min at 200 *g*. Guard cell protoplast suspensions were stored in a 50-ml centrifugal tube on ice before use. The whole-cell mode was used for patch-clamp electrophysiology as described previously ([@CIT0054]). To measure inward-rectifying potassium channel currents, the pipette solution contained 30 mM KCl, 70 mM K-Glu, 2 mM MgCl~2~, 2 mM CaCl~2~, 6.7 mM EGTA, 5 mM Mg-ATP, and 10 mM HEPES (Tris, pH 7.1), with an osmolarity of 500 mmol kg^--1^, and the bath solution contained 30 mM KCl, 1 mM CaCl~2~, 2 mM MgCl~2~, and 10 mM MES (Tris, pH 5.6) with an osmolarity of 485 mmol kg^--1^. Osmolarity was adjusted by D-sorbitol. Voltage pulses --180 mV to +20 mV were applied in +20-mV incremental steps.

Ca^2+^ activation of S-type anion channel currents was analyzed as described previously ([@CIT0046]). The pipette solution was composed of 150 mM CsCl, 2 mM MgCl~2~, 5.86 mM CaCl~2~, 6.7 mM EGTA, 5 mM Mg-ATP, and 10 mM HEPES (Tris, pH 7.1). The bath solution contained 30 mM CsCl, 2 mM MgCl~2~, 1 mM CaCl~2~, and 10 mM MES (Tris, pH 5.6) ([@CIT0059]). The osmolarities of the pipette solution and bath solution were also adjusted by D-sorbitol to 500 mmol kg^--1^ and 485 mmol kg^--1^ for S-type anion channel current recording, respectively. Before whole-cell recordings, guard cell protoplasts were pre-treated for 30 min in the same bath solution but with 40 mM CaCl~2~ added to prime guard cells for cytosolic Ca^2+^ activation of S-type anion channels ([@CIT0001]). After treatment, the bath solution was changed from 40 mM CaCl~2~ to 1 mM CaCl~2~. S-type anion channel currents were recorded 7--10 min after achieving access to the whole-cell configuration. Membrane voltage was stepped in pulses of --30 mV decremental steps from +35 mV to --145 mV.

SUPPLEMENTARY DATA {#s22}
==================

Supplementary Data are available at *Molecular Plant Online.*
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